Introduction
Surfactin is one of the 23 families of lipopeptides produced by microorganisms, and is one of the most powerful microbial biosurfactants; 1 21 families among the reported lipopeptides are found to be cyclic lipopeptides, such as surfactin, 2 lichenysins, 3 iturins 4 and fengycin. 5 The structure of surfactin is characterized by a peptide chain of seven amino acids linked to a β-hydroxyl fatty acid. 6 Due to its amphiphilic structure, surfactin exhibits strong surface activity and important biological properties, and may be important in scientific and industrial fields, such as medicine, food, cosmetic and the enhancement of oil recovery. [7] [8] [9] [10] Different strains can produce the same type of lipopeptide. For instance, the surfactins are usually derived from Bacillus subtilis. They could also be produced by Bacillus licheniformis 11 and Brevibacillus brevis 12 after the determination of the amino acid sequence by ESI MS/MS, the amino acid composition by HPLC and fatty acids by GC-MS using the methanol-esterified. A series of isoforms of surfactin appear with some differences in the peptide sequence or the length of the fatty acid chain. 13 The addition of different amino acids in media significantly influences the proportion of surfactin variants with different fatty acids. 14 Some qualitative methods for surfactin were proposed for screening in producing strains and the optimization of mediums. The drop-collapsing test was demonstrated as a rapid method to screen for bacterial producing potent surfactants, because they would be unable to form stable drops on an oily surface. 15 Some other methods were also employed to assess surfactin yields through the emulsifying properties 16 and the axisymmetric drop shape. 17 Another frequently used technique for qualitative analysis, thin-layer chromatography (TLC) analysis, 18 showed the presence of amino acids and lipids of surfactin on the plates directly.
Much attention has been focused on qualitative analyses of surfactin produced by microorganisms, due to the variety surfactin isoforms. The acid precipitate method was used to determine the surfactin concentration in the culture broth, 19 but it was restricted by the complex composition of the broth and the indispensable pre-purification procedures, such as precipitation and organic extraction. The surface or interfacial tension measurement was also adopted for the quantification of surfactin. [20] [21] [22] In addition to those methods, high-performance liquid chromatography (HPLC) was applied for qualitative analyses of surfactin. 23, 24 In the HPLC method a standard curve was generally required, and therefore pure surfactin samples should be prepared before determination. Furthermore, the HPLC, itself, could not distinguish between the isomerized and ante-isomerized fatty acids of surfactin, and could not give any accurate quantity. Microbial surfactin is a family of isoforms different not only in the peptide, but also in the fatty acid chain. Unfortunately, traditional methods could not give quantitative analyses for each isoform in a family; even they have the same peptide ring, and knowledge about the quantitative analyses of surfactin isoforms is still limited. The GC-MS method with the methanol-esterified could determine the fatty acids well, 25 but could not provide information about the amino acids in the lipopeptides. In order to deal with the problems in the present methods, such as a lack of standard samples of isoforms, which could not be obtained through the currently used instruments and techniques, a novel method should be established.
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Lipopeptide is one of the most important biosurfactants. The content of each isoform of a lipopeptide is crucial to the study of the properties of metabolites as well as the biological and biochemical characters of microbes. However, this information has not been accurately provided by the current analysis method. A new method for the quantitative determination of each isoform in the surfactin family has been established. The surfactin was firstly hydrolyzed in an acid solution at 90 C for 20 h, dried and then treated with bis(trimethylsilyl)trifluoroacetamide at 60 C for 20 min. The derived hydrolysates were then analyzed by GC-MS for a quantitative determination via comparison with working curves made with amino acids. GC-MS analyses show that the nine isoforms with an amount of 4.80 × 10 -7 mol (493 μg) in a 500 μg surfactin sample were detected, in which the mole fractions of surfactin isoforms with different fatty acid chains were 0.32% (n C12), 4.89% (iso C13), 6.27% (anteiso C13), 23.05% (iso C14), 8.95% (n C14), 17.69% (iso C15), 38.69% (anteiso C15), 0.07% (iso C16), and 0.07% (n C16), respectively. This approach can be applied to quantitative analyses for other families of lipopeptides as long as the sequence of amino acid residues in the peptide is determined. of each isoform in the surfactin family using GC-MS, which is used for the quantitative determination of surfactin with the sequence N-Glu-Leu-Leu-Val-Asp-Leu-Leu-C in the peptide.
Experimental

Preparation of sample
The original sample of surfactin was isolated from a cell-free culture broth of Bacillus subtilis HSO121 26 in our laboratory, and was obtained after separation from the cell-free broth, acid precipitation, extraction with ethyl ether and evaporation at room temperature to remove the remaining solvent, 27 of which the purity was more than 95%. The peptide part of surfactin was elucidated according to electrospray ionization quadrupletime-or-flight tandem mass spectrometry (ESI Q-TOF MS/MS); 28 N-Glu-Leu-Leu-Val-Asp-Leu-Leu-C, and the fatty acid part was analyzed by electron impact ionization gas chromatography/mass spectrometry (EI GC/MS) 25 (Fig. 1 ). The surfactin sample (500.0 μg) was dispersed in ampoule with 0.50 mL of a 6.0 mol L -1 HCl solution. The ampoule was closed by melting its neck, and then placed in an electrical oven at 90 C for 20 h. After hydrolysis, the whole solution in the ampoule was completely transferred into a vial. The solvent was removed with air blow at room temperature, and dried under a vacuum at 60 C. Free amino acid residues and the fatty acid residues in the sample were obtained.
Preparation of the mixed standard amino acid
Certain amounts of Leu, Asp, Val and Glu were dissolved with a 1.0 mol L -1 HCl solution, and then transferred into a volumetric flask as a mixed standard amino acid solution (0.020 mol L -1 ). The concentrations of these four amino acids were 0.080, 0.020, 0.020 and 0.020 mol L -1 for Leu, Asp, Val and Glu, respectively. This mixed standard amino acid was accurately diluted to 0.0004, 0.0008, 0.0024, 0.004, 0.008, 0.012, 0.016, 0.020 mol L -1 , respectively. All of the solvent was removed with air blow at room temperature, and dried under a vacuum at 60 C.
Trimethylsilylation method
After 0.500 mL acetonitrile-BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) (Fluka, USA) mixtures (3:2, by vol) were added into the mixed standard amino acid and the sample with the free amino acid residues and the fatty acid residues, all of the mixtures were heated at 60 C for 20 min. Following the reaction, the samples were analyzed by GC-MS.
GC-MS determination
The GC-MS analysis was performed on the 6890 GC system (Agilent, USA) coupled with 5975 MSD (Agilent, USA) and equipped with an HP-5MS capillary column, 30 m × 0.25 mm × 0.25 μm (Agilent, USA). The samples after silylation were injected and analyzed with EI operating at 70 eV and using a source temperature of 230 C. The column oven temperature was held initially at 60 C for 3 min, increased to 250 C with a 10 C min -1 heating ramp, and subsequently kept at 250 C for 5 min. Other operating conditions were as follows: helium carrier gas, 99.999%; flow rate, 1.0 mL min -1 ; injector temperature, 250 C; injector volume, 0.20 μL; split ratio, 20:1.
Results and Discussion
Composition of the surfactin
After acidic hydrolysis and trimethylsilylation of the surfactin sample, the composition was evaluated with a gas chromatography mass spectrometer (GC-MS). The total ion chromatogram of a surfactin sample simultaneously showed the amino acid part and the fatty acid part (Fig. 2) .
The four main peaks, eluted at 10.0 -16.0 min, were identified as Val (fraction 1), Leu (fraction 2), Asp (fraction 3) and Glu (fraction 4), respectively, on the basis of the MS Agilent NIST 05 Chemical Structure Library. From the known ratio of these four amino acids, a mixed standard amino acid solution was prepared as described in the Experimental section. The retention times, mass spectrograms and peak ratio of these four fractions were consistent with those of fractions 1, 2, 3 and 4 in the total ion chromatogram of the mixed standard amino acid solution after trimethylsilylation (not shown here), respectively.
The peaks eluted at 17.80 -21.50 min were observed in the total ion chromatogram of the surfactin sample (Fig. 2) . It showed that there was a very strong and characteristic mass-to-charge ratio of 233 in each of the mass spectrograms of fractions 5 to 13 in Fig. 2 (the extracted ion chromatogram m/z = 233); the mass spectrograms of fractions 8 and 11 are shown in Fig. 3 .
The BSTFA was reacted with the fatty acid part of the original surfactin sample, which consisted of β-hydroxyl fatty acid with different carbon atoms, replacing active hydrogens with a -Si(CH3)3 (trimethylsilyl) group. The characteristic mass-to-charge ratio of 233 in each mass spectrogram suggested that there was a structure of -[CHO(Si(CH3)3)CH2COOSi(CH3)3] + , replacing one hydrogen and one methyl with -Si(CH3)3 groups on the -[CH(OH)CH2COOCH3] + (m/z = 103), 25 which is the characteristic fragment ion of a β-hydroxyl fatty acid. The nine β-hydroxyl fatty acids (n C12, iso C13, anteiso C13, iso C14, n C14, iso C15, anteiso C15, iso C16, n C16) after silylation were identified through the extracted ion chromatogram m/z = 233 ( Fig. 2 ) and the MS Agilent NIST 05 Chemical Structure Library.
Determination of the amount (mol) of surfactin
A series of the mix amino-acid solutions with different concentrations (0.0004 to 0.02 mol L -1 ) were detected by GC-MS after a drying process and silylation according to the steps mentioned above. The peak-area integral values of these four amino acids were determined from the total ion chromatogram, and a working curve of each amino acid was obtained by plotting the peak area integral value against the concentration of the standard amino acids solution.
The peak area is well in line with the concentration of the amino acids, respectively. The working-curve equations of Val, Leu, Asp and Glu are summarized in Table 1 .
As shown in Table 1 , the working curves of the peak areas against the amino acid concentrations within the range of 0.0004 -0.008 mol L -1 for Val, Leu and Asp, 0.0004 -0.012 mol L -1 for Glu (r = 0.9946 -0.9968, n = 5) show a good linear relationship.
The molar concentrations of these four amino acids in the original surfactin sample, calculated from the peak-area integral value of certain amino acids by the working curve equations (Table 1) , are 10.0 × 10 -4 , 40.8 × 10 -4 , 9.4 × 10 -4 and 9.0 × 10 -4 mol L -1 for Val, Leu, Asp and Glu, respectively. Since the peptide part in surfactin consists of one Val, four Leu, one Asp and one Glu, the molar concentration of this surfactin sample is equal to the molar concentration of Val, 1/4 Leu, Asp and Glu. Therefore, the molar concentration of the original surfactin sample is 9.60 × 10 -4 mol L -1 , and the amount of the surfactin sample was evaluated to 4.80 × 10 -7 mol.
The trimethylsilylation GC-MS method can quantificationally determine the peptide part and the fatty acid part of surfactin simultaneously, as illustrated in Fig. 2 . Trimethylsilylation between the characteristic functional groups and BSTFA is sensitivity and selectivity. Comparing the GC-MS results of the mixed standard amino acid solution after the reaction at temperatures of 20, 40, 60 and 80 C for 0, 20, 40, 60 and 80 min (data not shown here), in this work, the optimum condition of this trimethylsilylation within the range of 0.0004 -0.02 mol L -1 was as follows after adopting the controlled variables method: reaction temperature, 60 C; reaction time, 20 min.
Four amino acids (Val, Leu, Asp and Glu) were respectively eluted at 10.13, 10.97, 14.31 and 15.48 min in the total ion chromatogram of the surfactin sample (Fig. 2) after trimethylsilylation.
The surfactin sample was primarily identified as a cyclic lipopeptide with a peptide chain consisting of four kinds of amino acids as Val, Leu, Asp and Glu with a ratio of 1:4:1:1 (by mol). 29 According to the molar concentration of these four amino acids in Fig. 2 , Val:Leu:Asp:Glu = 1.0:4.0: 1.1:1.1 is equal to the proportion obtained by the amino acid analyze. 26 Repeated experiments show that the molar ratio of the peak areas of these four amino acids in the mixed standard amino acid solutions is Val:Leu:Asp:Glu = 1.0:4.0:1.1:1.0. This method shows good separation results, high sensitivity, accuracy and reproducibility, and can be used for the quantitative analysis of amino acids.
In all of the fractions that have been analyzed, nine β-hydroxyl fatty acids were detected: one C12, two C13, two C14, two C15 and two C16. Many strains produce a complex surfactin of which the lipid moiety is β-hydroxyl fatty acids. 30 Bonmatin et al., 31 for instance, summarized that B. subtilis S499 produced surfactins with a fatty acid chain length of C13 -C15, while Batrakov et al. 32 showed that the B. licheniformis strain 603 produced lipopeptides of which the chain length of fatty acid was C13 -C17. Liu et al. 33 demonstrated that the fatty acid moieties of the surfactins produced by B. subtilis HSO121 are C12 -C17. The β-hydroxyl fatty acid methyl esters having the same chain length with different retention times on the gas chromatogram were attributed to different chain types as the iso or n or anteiso configuration. The fatty acids with even-numbered carbon atoms are usually predominated by those with n and iso-branched chains, while fatty acids with odd-numbered carbon atoms are mainly composed of those with iso-and anteiso-branched chains, except for the existence of normal chains in C15 fatty acids. 34 As Hosono et al. reported, there were linear relationships between the retention times and carbon numbers with respective series of homologous fatty acid methyl esters. 35 Thus, according these rules and our previous work, 26 these nine β-hydroxyl fatty acids given in Fig. 2 were identified to be n C12, iso C13, anteiso C13, iso C14, n C14, iso C15, anteiso C15, iso C16 and n C16, respectively.
Quantification of each isoform of the surfactin sample
From the extracted ion chromatogram m/z = 233 (Fig. 2) , nine fractions, eluted between 17.80 and 21.50 min, showed nine β-hydroxyl fatty acids with different carbon chain lengths, which indicated that there were nine components in this surfactin sample. Based on mass spectrograms of the β-hydroxyl fatty acids after trimethylsilylation (Fig. 3) , there was only one characteristic fragment ion at m/z 233 in one molecule. According to the structure of surfactin, since one molecule has only one fatty acid residue, the molar ratio of these nine fatty acids was equal to the mole fraction of the nine components. The data of each isoform are listed in Table 2 .
The amount of each isoform was determined by combining with the molar ratio according to the peak-area integral value and the amount of the crude surfactin. The mass of these nine isoforms would be obtained according to each molecular weight and the amount. Finally, the accurate mass of the surfactin in this original sample is 493.1 μg, which means that the surfactin occupies 98.6% in the sample. This proposed method is capable of simultaneously measuring the fatty acid chain and the amino acid chain, of which the sequence would not change from same strain and under the same culture media. [36] [37] [38] In view of this, the amino acids as the standard were used to determine surfactin, which is more convenient. In addition, the lipopeptide purchased from the market was still a series of isoforms. Here, the content of the surfactin sample can be determined on the basis of the content of the amino acids. Based on each surfactin molecule containing seven amino acid residues, the content of the surfactin was quantified by measuring the contents of the amino acids in the peptide chain. The molar concentrations of these four amino acids in this surfactin sample can be calculated from the peak-area integral value of certain amino acids by the working curve equations (Table 1) , respectively. Thus, the amount can be easily figured out.
Since the molar ratio of the fatty acid part of surfactin will change under different culture conditions, the determination must satisfy the following requirement: the separation of the iso and anteiso types for C13 and C15. With the development of high-performance liquid chromatography (HPLC), it represents an effective alternative for lipopeptide analysis with the desired sensitivity and selectivity. However, HPLC was not able to distinguish between the isomerized and the ante-isomerized β-hydroxyl fatty acids of odd-number carbon atoms, as shown in Fig. 4a . As shown in Fig. 4b , all of the fatty acids could be separated well by GC-MS after hydrolysis and trimethylsilylation.
The amount and the mass of each isoform were determined by the amino acid working curve equations combing the proportion and each molecule weight of the surfactin analogues. By this method, we eventually obtained the mass of each surfactin analogue and the accurate mass of the complex surfactin. For this surfactin sample, the difference between the measured value (493.1 μg) and the weighted value (500.0 μg) was mainly because of other fatty acids coexisting in surfactin, that could not be gotten rid of through solvent extraction.
Lipopeptide, similar to surfactin, existed as a series isoforms (same peptide part, different alkyl chain length), although a specific strain was cultured in different media. 39 The peptide sequence of the lipopeptide sample has already been obtained by qualitative analysis; the content of these lipopeptide isoforms could be quantified through the approach proposed in this article.
The trimethylsilylation GC-MS method, as the first quantification of surfactin analogues, has great significance for the analysis and preparation of each isoform of surfactin, especially for determining the biological and chemical properties of surfactin analogues. The content of surfactin analogues could provide very important information for research about the influence of the structure on the property of different isoforms of lipopeptide, and the influence of the different culture conditions of microorganisms on the composition of the product and research the concerning optimization of the culture conditions.
Conclusion
In this work we developed a method to determine the content of surfactin analogues by the trimethylsilylation GC-MS method. This method could be used not only to analyze the peptide part and fatty acid part of surfactin simultaneously, but also to identify the iso and anteiso types of C13 and C15 isoforms. According to the peak-area integral value in the gas chromatogram, correlated with fatty acids and surfactin analogues, the molar ratio of surfactin analogues could be figured out. It is the first time that the accurate mass and amount of each surfactin analogue and the total mass and amount of surfactin in a sample were determined. This study is of fundamental importance in a situation, when the content of each isoform is needed, and may be applied to other lipopeptides as long as the sequence of those compounds has been known.
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